the Yarmouk River (approximately 480 ϫ 10 6 m 3 yr Ϫ1 ), and local streams (Hof, 1998). Since the construction
agricultural activity along its banks. In an earlier paper northern (upstream) part of the river. Our flow-rate measurements we used the geochemical variations treme example of such a river, where the combination of excessive water needs and lack of environmental atThe Study Area tention has led to a devastating drying process of the The Lower Jordan River stretches between Alumot dam river (Salameh, 1996) . (Efrat, 1996;  recently estimated around 100 to 200 ϫ 10 6 m 3 yr Ϫ1 Salameh, 1996; Hamberg, 2000) . The river is about 105 km long (Salameh and Naser, 1999 taries included the Upper Jordan River flowing through Hamberg, 2000) and defines the border between Israel and the Sea of Galilee (approximately 540 ϫ 10 6 m 3 yr 
Water Sampling and Chemical Analysis
Sontek, San Diego, CA) was mounted on a vertical pole held by a specially designed floating traverse construction (Fig. 2) . The waters of the Lower Jordan River and its tributaries By cruising the construction across the river using magnesiumwere sampled between August 1999 and August 2001. Water alloy poles, both water velocity and riverbed profiles were samples were also collected from fishponds, agricultural drainobtained. The immersion depth of the instrument was adjusted age canals, and different subsurface sources. using a step motor and a control cable, and measured by an Sampling was obtained at various locations along the seinternal pressure gauge (Ϯ1 cm). The instrument orientation lected cross-sections, representing cross-sectional averages with occasionally unavoidable potential bias toward the upper and lateral location were recorded using internal compass, tilt the mass-balance calculations presented hereafter indi-
The accuracy of the electromagnetic velocimeter measurecate that subsurface inflows change the chemical distriments was estimated as 2% with a 1.5 cm s Ϫ1 zero offset butions along the river.
induction (Marsh-McBirney, 1990 ). The accuracy of the dipAs a first approximation, we assume that mixing be- istry; these are the river water at its origin and ground can also be added to the water by oxidation of organic matter, although the amount of sulfide that is generated
from organic matter (e.g., amino acids) that is oxidized to sulfate is low (Hvitved-Jacobsen, 2002) . Anaerobic reduction of sulfate in the Lower Jordan River is not and a simple two-dimensional integration scheme:
likely because the river water along the northern sec-
tion has dissolved oxygen content of 1 to 10 mg L Ϫ1 (10 to 100% saturation, Segal-Rozenhaimer et al., 2004) , which provided a better fit for a few river cross-sections and whereas bacterial reduction of sulfate requires total lack for all the tributaries than Eq. cause the majority of the water volume in the river is the tributaries was estimated as 5 and 2%, respectively. The under oxidizing condition, it is less likely that the overall potential error generated by Eq.
[1] and Eq.
[2] was calculated sulfate budget will be influenced by these processes.
by a linear approximation. These errors are 5 to 6% for the Moreover, the ␦ 34 S values of the Jordan River decrease river flow, 19% for the western tributaries, and 29% for the eastern tributaries (Holtzman, 2003) .
along the river flow , therefore excluding the possibility of sulfate reduction. To evaluate the potential precipitation we calculated the saturation
RESULTS AND DISCUSSION
level in the Lower Jordan River with respect to gypsum
River Chemistry
by using the Davis equation that is based on the DebyeHuckel equation (Benjamin, 2002) . Our results indicate The chemistry of the Lower Jordan River has coherent and repeatable trends along its flow course. The chlothat the maximum ion activity product is 1.04 ϫ 10 whereas the solubility product (K sp ) is 1.22 ϫ 10 Ϫ4 . Bewas reported during and several days before the measurements. The water-balance equation is written as cause the Lower Jordan River is undersaturated with respect to gypsum, sulfate removal by precipitation is follows: not likely to occur.
‫∀ץ‬ ‫ץ‬t
Flow Rate Measurements and Mass-Balance Calculations
The base flows that we measured during the drought years of 2000-2001 (500-1100 L s Ϫ1 ) are about 40 times lower than the historical flow rates. These discharge where Q in,i (m 3 s Ϫ1 ) and Q out,i (m 3 s Ϫ1 ) are the measured flow rates at inlet and outlet i with n (in) such inlets and values are even lower than recent published estimates (e.g., Al-Washah, 2000) . While the intensive water use n (out) such outlets (including pumping stations), q in (x) and q out (x) are the distributed recharge and discharge by the regional countries is responsible for the general discharge decrease, drought conditions reduce it further, (flow rate per unit river length, m 2 s
Ϫ1
) along a segment stretching between x 1 (m) and x 2 (m), ∀(m 3 ) is the water resulting in local drying events. Such low flow rates increase the potential influence of tributaries and ground volume of the segment, BЈ(x) is the effective width (m) for evapotranspiration that includes the vegetation water inflows on the river chemistry.
Water-balance calculations were conducted using the influence, and ET(x) is the rate of evapotranspiration (flow rate per unit area, m s Ϫ1 ). When assuming steadyflow rates measured at the inlets and outlets of different segments of the river, the measured and reported pumpstate conditions ‫‪t‬ץ/∀ץ(‬ ϭ 0) and zero distributed outflow [͐
q out (x)dx ϭ 0], the total flow rate of the ground water ing rates, and reported evapotranspiration. Zero rainfall (Fig. 1, Table 1 ). The dates of the measurement campaigns are marked near the "subsurface" results.
sured in the N2 segment (Fig. 1) . The terms
and Q 25 (L s Ϫ1 ) represent the measured flow rate of the be calculated. The assumption of steady-state conditions river at the inlet and outlet of the segment. The other was postulated because detailed water-level measureflow rates represent tributaries, pumping stations, and ments were not available during most of the discharge evapotranspiration (relatively small). The pumping rates measurement campaigns. The possible deviation from were measured and reported by the local water authoristeady-state conditions was estimated and then inteties. The evapotranspiration was calculated using meagrated into the error estimation presented below. A few surements obtained by the Israeli Meteorological Seravailable water-level measurements in nearby observavice (personal communication, 2001 ) in the nearby Eden tion wells support the zero distributed outflow assumpfarm (3.0, 5.1, 5.3, 6.5, and 6.9 mm d Ϫ1 in February, tion as they indicate that the head of the ground water March, April, June, and August 2001, respectively) and adjacent to the river is higher than that of the river. It an average effective width of 25 m (Holtzman, 2003) . should be noted that during the study no heavy rain or The resulting evapotranspiration values are similar to flood events took place, reducing the likelihood of a published records (Salameh, 1996; Hamberg, 2000 ; Ortreverse flow from the river into the ground water system. Table 2 shows a list of the total flow rates (L s Ϫ1 ) meahofer et al., 2001). (Fig. 1) , are presented in Table 3 . In most of the
Error Estimation
periods, Q gw was about 200 to 240 L s Ϫ1 along N1 segAlthough our instrumentation is considered highly ment (approximately 9.5-km meandering length) and accurate, and despite our detailed and careful measure-200 to 670 L s Ϫ1 along N2 segment (approximately ment procedure, the mass-balance calculations contain 17 km). These contributions constitute 20 to 80% of the some potential uncertainties. These uncertainties are due river's measured discharge.
to possible errors in the velocity measurements and in The chemical analyses of water samples that were the flow rate integration, in the reported pumping rates collected at the same time of the flow-rate measureand estimated evapotranspiration (in particular the efments provide the means to obtain mass-balance calcufective river width), in analytical error of the solutes lations for conservative solutes (excluding reaction concentrations, and due to potential deviations from sink-source terms). In particular, we have obtained such the assumed steady-state conditions. To reduce errors calculations for chloride, sulfate, and sodium using the generated by a possible non-steady-state condition, we following equation: coordinated our activities with the local authorities to limit sudden changes in the operation of the region
water system. The only exception was an unavoidable release of fishpond drainage into the river during our measurement campaign in June. Although the average
release discharge was provided, the June calculations may contain somewhat higher uncertainties. Because the where C s (mg L Ϫ1 ) is the (cross-sectional average) condischarge measurements were conducted during drought centration of solute s. The subscripts r, inlet, and q conditions, no significant natural variations are expected represent the river, inlets, and distributed ground water during all our measurement campaigns. inflow, respectively, and an over-bar represents the segDeviations from steady-state conditions are potenments' volume-average concentration. Using the assumptially caused by variations in water level along the river tions of steady-state conditions [‫∀(ץ‬C s r /‫ץ‬t ϭ 0)], conserva- is calculated. tions imply that the flow-weighted mean concentrations segment, fluctuations of flow rates (in the river cross-section was estimated as 50%, due to the high uncertainty in the effective width, BЈ(x). The relative error contribtions, tributaries, drainage canals, and pumping stations), and temporal changes in solute concentrations. Assumuted by the ‫‪t‬ץ/∀ץ‬ term was 13 to 30% of the total calculated Q gw , excluding the June campaign (where it correing that the flow rates and concentrations are relatively steady within the time frame of the measurement camsponds to 80% of Q gw ). The error analysis of ⌬ṁ gw /ṁ gw was obtained using the following estimates: the analytipaign, the error analysis was based on the variations of water volume (∀) alone. The change in water volume, cal error of the solutes concentrations was estimated as 5% ; the potential error of the ‫,‪t‬ץ/∀ץ‬ was calculated using the following equation:
solute discharge at the inlets and outlets was calculated using a simple linear decomposition, ⌬(QC) ϭ C⌬Q ϩ ‫∀ץ‬ ‫ץ‬t ϭ Ύ 
Results and the Geochemical Analysis
implying that the average ‫ץ‬h/‫ץ‬t represents the change in the entire segment.
The concentration of dissolved constituents in the Water levels were measured manually during the dispostulated ground water influx was calculated by dividcharge measurements and automatically by electronic ing the mass flow rate of each of the solutes by the water level gages (equipped with data loggers) installed water volumetric flow rate, given that the assumption of in Ϫ1 . Therefore, a included in Fig. 4 . The data indicate that the computed 90 L s Ϫ1 value was used for the error estimation in N2 composition of ground water, derived from the masssegment, with the exception of the June campaign. Due balance calculations, is similar to the composition of the to the draining of the fishpond into the river (Site 20), saline segment of the Yarmouk River (referred to as a value of ‫ץ‬h/‫ץ‬t ϭ 5 mm h Ϫ1 was recorded at Site 15, the "Saline Yarmouk"). which corresponds to 155 L s Ϫ1 . This value was used for Figure 4 shows that the samples taken from fishponds, the June error estimation.
western tributaries, and a shallow well on the west side The calculated relative potential errors of the water of the river (named "Hamadia well") are not consistent discharge (⌬Q gw /Q gw ) and the solute discharge (⌬ṁ gw / with the linear river trend. Furthermore, the chemistry ṁ gw ) are shown in Table 5 . These potential errors repreof eastern tributaries such as Wadi El Arab and Wadi sent the root mean square of all the possible errors Teibeh is outside the scale of Fig. 4 (having Cl Ͻ 800 mg generated by the terms in Eq.
[3] and in Eq. [4] . As L Ϫ1 ). If the mixing process is limited to two distinct mentioned, the estimated relative errors of the meawater bodies, the samples that were collected from the sured flow rate are 5 to 6% for the river flow and 19 saline segment of the Yarmouk River (between Sites 9 and 29% for the western and eastern tributaries. The and 11 [ Fig. 1 ], referred to as the "Saline Yarmouk") potential error of the pumping rates was estimated as and from some agricultural drainages can be considered 20%, where the potential error of the evapotranspiraas representing the end-members that affect the river chemistry. that the northern part of the Lower Jordan River is mainly affected by shallow ground water derived from different sources (such as western and eastern ground water sources), thus the calculated source is likely to agricultural drainages. The chemical composition of this end-member is similar but not identical to that of the represent a mix of several end-members. To address this further, a campaign of multiple piezometer drilling Saline Yarmouk River, which in the geochemical study was assumed to represent the end-member composition.
is underway. These observation points will provide information regarding water levels and chemistry of the Whereas the geochemical evaluation is limited by the assumption of mixing between two sources, the results shallow ground water that flows to the Jordan River. The future of the Jordan River was addressed in 1994 of the current study reflect the chemistry of the input to the river, which may be composed of multiple ground by the peace treaty between Israel and Jordan (Governments of Israel and Jordan, 1994) . In the treaty, the water sources with different geochemical end characteristics. These sources would have somewhat different two countries agreed to increase and equalize the overall pumping rights, to eliminate wastewater disposal into the compositions reflecting differences between the agricultural return flows of the west bank, the east bank, and river, and to use the saline water that currently flows into the river for desalination. The calculated impact of these additional inputs from deep ground water, local brines, and meteoric waters.
steps, under the flow conditions reported here, shows that although water quality may improve, flow rates in some The Saline Yarmouk River constitutes a unique hydrological configuration that assists in the identification of the river segments will decrease to a level that will dry the river. The authorities of both countries must adof the ground water influx to the Lower Jordan River. The Yarmouk River is dammed some 8 km east of its dress this unsolved problem. confluence with the Lower Jordan River and its water is diverted to the King Abdullah Canal (for the most
